ABSTRACT: White spot syndrome virus (WSSV) is one of the most virulent pathogens affecting penaeid shrimp, causing high mortality in infected populations. Interactions between virus structural proteins are likely to be important for virus assembly. Many steps of the WSSV assembly and maturation pathway remain unclear. In the present study, the interaction between VP37 and envelope or nucleocapsid proteins was characterized. VP37 was expressed in Escherichia coli and confirmed by Western blotting. Pure WSSV virions were subjected to Triton X-100 treatment to separate the envelope and nucleocapsid fractions. Overlay assays showed that VP37 interacted with VP28 and VP26. The interaction of VP37 with VP28 and VP26 was confirmed further by His pull-down and matrixassisted laser desorption ionization (MALDI) mass spectrographic assays. The binding assay of VP37 with VP28 by ELISA confirmed that the 2 proteins had direct interaction in vivo. This discovery will help elucidate the molecular mechanisms of virion morphogenesis.
INTRODUCTION
White spot syndrome virus (WSSV) is a major pathogen in shrimp aquaculture but also infects many other crustacean species (Chou et al. 1995 , Lo et al. 1996 , Chen et al. 2000 . The virus contains a double-stranded, circular DNA of about 300 kb that has been sequenced completely in 3 WSSV isolates (van Hulten et al. 2001a , Yang et al. 2001 , Chen et al. 2002 . On the basis of phylogenetic analysis, WSSV has been classified as the sole member of a novel virus genus, Whispovirus, and family, Nimaviridae (Mayo 2002 , Vlak et al. 2005 . More than 50 structural proteins have been identified (Huang et al. 2002 , Tsai et al. 2004 , Li et al. 2007 ).
Viral structural proteins have critical functions not only in viral structure and assembly but also in the early stages of infection, cell adhesion, signal transduction, and evasion of the rapidly deployed antiviral defenses of the host. Interactions between virus structural proteins are likely to be important for virus assembly. In many enveloped viruses, protein-protein interactions are thought to be essential for virion morphogenesis (Szajner et al. 2003) . Many steps along the WSSV assembly and maturation pathway remain unclear. In particular, the acquisition of the virus tegument is a poorly understood process, and the molecular interactions involved in tegument assembly have not yet been defined.
In previous studies, intensive efforts have been made to characterize the individual envelope proteins of WSSV, but little is known about the molecular events occurring during the assembly. Recently, in vitro experiments provided evidence of direct interaction of VP28 with VP26 and VP24 . VP37 is a binding envelope protein involved in infection (Liang et al. 2005 , Wu et al. 2005 , Liu et al. 2006 ; it is the product of the WSV254 gene of WSSV (Yang et al. 2001) . In the present study, we have separated the envelope and nucleocapsid proteins of purified WSSV virions. Interactions were identified between VP37 and other structural proteins. Further exploration of the biochemical interactions of WSSV structural proteins might help to elucidate the molecular mechanisms of virion morphogenesis.
MATERIALS AND METHODS
Expression and purification of recombinant VP37 and VP28 in Escherichia coli. The WSSV VP37 gene was PCR amplified from WSSV genomic DNA. The WSSV VP28 gene was PCR amplified from WSSV genomic DNA using the forward primer 5'-CTA CTC GAG ATG GAT CTT TCT TTC ACT C-3' and the reverse primer 5'-zTAT AAG CTT TCG GTC TCA GTG CCA-3'. The amplified genes were ligated into pBAD/gIII A. The recombinant plasmids were transformed into E. coli strain TOP10, and the inserts were confirmed by sequencing.
Cultures of TOP10 carrying the recombinant plasmid were grown in Luria-Bertani medium (100 ml, 50 µg ml -1 ampicillin) at 37°C with shaking at 300 rpm for 4 to 5 h, until the optical density at 600 nm (OD 600 ) of the cultures reached 0.5 to 0.7. L-arabinose was then added to a final concentration of 0.2%, and the cultures were incubated for another 5 h under the same conditions. The Escherichia coli cells were centrifuged at 5000 × g for 10 min, resuspended in Buffer (6 M guanidine hydrochloride, 0.1 M sodium phosphate, 0.01 M Tris-HCl, pH 8.0) at 5 ml g -1 wet weight, and then centrifuged at 10 000 × g for 10 min at 4°C. The supernatant was added to Ni-NTA resin. Fractions were collected and analyzed by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). To obtain native rVP37, the purified rVP37 was recombined against buffer containing 10 mM Tris-HCl, pH 8.8, 150 mM NaCl, first with 4 M guanidine hydrochloride, then with 2 M guanidine hydrochloride and finally with no guanidine hydrochloride. Each dialysis step was performed for at least 12 h at 4°C.
WSSV envelop and nucleocapsid protein prepared. The infection of healthy crayfish Procambarus clarkii and the purification of virus were performed as described previously (Xie et al. 2005) . Briefly, the tissues of infected crayfish, excluding the hepatopancreas, were homogenized in TNE buffer (50 mM TrisHCl, 400 mM NaCl, 5 mM EDTA, pH 8.5) and then centrifuged at 3500 g for 5 min at 4°C. After being filtered by nylon net (400 mesh), the supernatant was centrifuged at 30 000 × g for 30 min at 4°C. Then, the upper loose pellet was rinsed out carefully and the lower white pellet was suspended in 10 ml TN buffer (20 mM Tris-HCl, 400 mM NaCl, pH 7.4). After centrifugation at 3500 × g for 5 min, the virus particles were sedimented by centrifugation at 30 000 × g for 20 min at 4°C, then resuspended and kept in 1 ml TN buffer. Envelope and nucleocapsid fractions were obtained by treatment with Triton X-100. For the Triton X-100 extraction, intact virions were mixed with an equal volume of 1% Triton X-100 as well as 0.15 M NaCl, and incubated at 4°C for 30 min. The mixture was sedimented at 20 000 × g for 20 min to separate the phases. Both phases were subjected to a second round of Triton X-100 extraction. Supernatant and pellet were concentrated by acetone precipitation at -20°C and analyzed by SDS-PAGE. For interaction experiment, the pellet was rinsed with water to eliminate any residual supernatant solution and then resuspended in TN buffer.
Digoxigenin (DIG)-labeled rVP37 protein and interaction analysis. Purified rVP37 protein was dialysed against phosphate-buffered saline (PBS) and labeled with DIG. Redundant DIG was removed by a Sephdeax-50 column. The viral envelope proteins and nuclecapsid proteins were separated by SDS-PAGE, transferred to a polyvinylidene difluoride (PVDF) membrane and renatured gradually at 4°C overnight in HEPES buffer (20 mM HEPES, 100 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 0.1% Tween 20, 10% glycerol, pH 7.5) containing 5% non-fat milk. After rinsing with Tris-buffered saline (TBS) containing 0.5% Tween 20, the membrane was incubated with DIGlabeling purified rVP37 for 1 h at room temperature on a rocking platform. The membrane was washed 3 times with TBS containing 0.5% Tween 20. Then anti-DIG antibody conjugated with horseradish peroxidase (HRP) was added. After rinsing with TBS, interacting proteins were detected by exposing the membrane to an HRP-substrate kit. DIG-BSA was used as a control.
VP37 interaction with envelope or neclocapsid proteins. A modified His pull-down assay was conducted. The purified His-tagged VP37 was bound to 20 µl Ninitriloacetic acid (Ni-NTA) beads (Sigma) in 1 × PBS for 2 h with rotation. Beads were washed twice for 10 min each in 1 × PBS containing 0.1% Triton X-100, and once in a binding buffer (20 mM HEPES, 100 mM NaCl, 0.5 mM EDTA, 0.1%Triton X-100, 10% glycerol, protease inhibitor cocktail). The washed beads were incubated in 300 µl binding buffer with either of envelope or neclocapsids. Complexes were centrifuged and washed 3 times with the binding buffer to remove nonspecific binding. Bound proteins were eluted in 30 µl of Laemmli sample buffer, boiled for 10 min, and analyzed by SDS-PAGE and mass spectrometry analysis. Beads without His-tagged VP37 served as a control.
Mass spectrometry analysis. Coomassie Brilliant Blue-stained protein spots were excised from gels. The gel pieces were minced and allowed to dry before trypsin digestion. Matrix-assisted laser desorption ionization-time-of-flight mass spectrometry analysis (MALDI-TOF-MS) was performed, and the MASCOT program was used to analyze the results. The samples were mixed with the matrix (1:1, v/v) before loading on the target plate. MALDI-TOF spectra of the peptides were obtained with a Voyager-DE PRO Biospectrometry workstation mass spectrometer (PerSeptive Biosystems). The in-gel digested samples were desalted using ZipTip C18TM (Millipore) and dried. The MALDI-MS was an ABI-4700-TOF-TOF Proteomics Analyzer (Applied Biosystems). The mass range was scanned from 700 to 3200 Da. Myoglobin digested by trypsin was used to calibrate the instrument by internal calibration mode. All the spectra of the test samples were acquired using the default mode. The data were searched by GPS Explorer using MASCOT as the search engine.
Western blot analysis of recombinant VP37 and VP28. The rVP37 or rVP28 protein was separated by SDS-PAGE and transferred to the PVDF membrane. The membrane was blocked in blocking buffer (MPBS: 2% BSA + PBS) at 4°C overnight. After washing, the membrane was incubated with anti-His antibody (1:3000) conjugated with HRP for 1 h at room temperature. The membrane was then washed and the color was developed with an HRP-substrate kit.
Determination of binding specificity by ELISA. Flatbottomed 96-well ELISA plates (Nunc) were coated with 15 µg of either WSSV, purified rVP28, or BSA (15 µg). The plates were incubated at 4°C overnight and blocked with 150 µl of 10% heat-inactivated fetal bovine serum (FBS, HyClone) diluted in PBS buffer for 2 h at room temperature. The plates were washed with PBS buffer containing 0.05% Tween 20, and various dilutions of DIG-labeled rVP37 (0 to 30 µg) were added. After incubation at room temperature for 1 h, the wells were washed 5 times with PBST and 5 times with PBS. Anti-DIG-Fab-HRP diluted with MPBS (PBS + 2% milk) (1:3000) was added at room temperature for 1 h. The wells were washed 5 times with PBST and PBS. An o-phenylenediamine (OPD) substrate (75 µl) was added to each well and incubated at 37°C until color appeared. The reaction was stopped by adding 50 µl of 1 M H 2 SO 4 to each well. The absorbance at 492 nm was read using BSA as reference.
RESULTS

rVP37 protein expression and Western blot analysis
The VP37 gene was cloned into the pBAD/gIII A vector and expressed in TOP10 cells under induction of 0.2% L-arabinose. After induction, induced and noninduced pBAD/gIII A-VP37-TOP10 (containing VP37) and induced pBAD/gIII A-TOP10 (containing vector) were analyzed by SDS-PAGE (Fig. 1) . Expression protein corresponding to the VP37 envelope protein was observed in the induced pBAD/gIIIA-VP37-TOP10; no protein band was found at the same positions in both the induced and non-induced pBAD/gIII A-TOP10. Western blot analysis showed that anti-His antibody reacted with VP37 protein. This result showed that the VP37 gene was highly expressed in TOP10. Recombinant (His)-tagged VP37 protein was purified using N-affinity chromatograph and the product was called WSSV-VP37. This band reacted with an anti-His antibody (Fig. 2) .
Separation of envelope and nucleocapsid proteins
WSSV virions were incubated with Triton X-100. After extraction, envelopes and nucleocapsids were separated as shown in Fig. 3 . This is consistent with previous research . Envelope and nucleocapsid fractions were subjected to SDS-PAGE. Results showed that VP28, VP26, Vp24 and VP19 were the main components of the WSSV envelope, whereas VP15 was contained only in the nucleocapsid (Fig. 4) . Interestingly, VP26 was found both in the envelope and nucleocapsid fractions. This suggested that VP26 was not released completely by Triton-X 100 treatment.
VP37 interaction with VP28 and VP26
For analysis of interaction between VP37 and virions, the viral envelope and nucleocapsid proteins were separated by SDS-PAGE and transferred to PVDF membranes that were then incubated with DIGlabeled VP37 or DIG-labeled BSA. After detection with HRP-conjugated anti-DIG antibody, 2 prominent bands corresponding to VP28 and VP26 were seen in the envelope fractions, and 1 band corresponding to VP26 was seen in the neclocapsid fractions. No band was seen in the BSA control. This result indicated interactions of VP37 with VP28 and VP26 (Fig. 5) .
Pull-down analysis
To test the interaction of VP37 with VP28 or VP26 and to confirm the results of the overlay assay, VP37 and envelope or nucleocapsid proteins were tested by an in vitro pull-down assay. His-VP37 was immobilized on Ni-NTA beads and incubated with envelope or nucleocapsid proteins separately. After extensive washing, the elution of His-VP37 contained VP28 in envelope fractions, and VP26 was pulled down both in envelope and nucleocapsid fractions, whereas the control was not (Fig. 6) . This supported the contention that VP37 interacted directly with VP28 and VP26. 
Mass spectrometry analysis
To identify the interaction, protein bands were cut out from SDS-PAGE gels and digested by trypsin. Peptide mass fingerprints (PMF) were performed using MALDI-TOF-MS and analyzed by using the MS-FIT system. Band VP28 (Fig.6 ) from the SDS-PAGE gel showed identical mass spectra: 1367.79, 1415.71, 2203.16, 2219.16, 1542.84, 2711.49, 876.49, 1231.71 Da. All mass spectra were matched with spectra of the VP28 of WSSV in the mass database (Table 1) . Band VP26 (Fig.6 ) from the SDS-PAGE gel showed identical mass spectra: 1313.67, 1543.90, 1935.95, 2776.69 Da. All mass spectra were matched with spectra of the VP26 of WSSV in the mass database (Tables 2 & 3) .
VP28 protein expression and Western blot analysis
For further analysis of interaction between VP37 and VP28, the VP28 gene was cloned into the pBAD/gIII A vector and expressed in TOP10 cells under induction of 0.2% L-arabinose. Expressed protein corresponding to the VP28 envelope protein was observed in the induced pBAD/gIIIA-VP28-TOP10. Western blot analysis showed that anti-His antibody reacted with the VP28 protein (Fig. 7) . This result showed that the VP28 gene was expressed in TOP10. The recombinant (His)-tagged VP28 protein was purified using N-affinity chromatograph and purified VP28 was acquired.
Determination of binding specificity by ELISA
To determine the specific interaction of VP37 with VP28, ELISA analysis was performed. The results showed that the binding activity of VP37 to VP28 and WSSV was dose dependent (Fig. 8) . With the same concentration, VP37 had a higher binding activity with WSSV than VP28. This indicates that VP37 interacted with other WSSV proteins in addition to VP28. 
DISCUSSION
In the present study, Triton X-100 was used to extract envelope proteins. VP28, VP19 and VP37 were found exclusively in the envelope fraction, whereas VP15 was found only in the nucleocapsids. Interestingly, VP26 was found both in envelope and nucleocapsid fractions. This result agreed with the previous research .
In order to understand the mechanism of WSSV infection and morphogenesis, previous studies focused on the characterization of structural proteins. More than 50 structural proteins of WSSV have been identified (Huang et al. 2002a ,b, Xie et al. 2006 ). VP37 was identified as a WSSV envelope protein using mass spectrometry (Huang et al. 2002) . Analysis of its deduced amino acid sequence indicated that VP37 was acidic with an isoelectric point of 4.69 and that it had no significant trans-membrane structure. In addition, a cell attachment sequence Arg-Gly-Asp (RGD motif) was found in VP37. Further research indicated that VP37 could bind to shrimp cells as an attachment protein (Liang et al. 2005 , Liu et al. 2006 . Neutralization experiments with anti-VP37 antibody revealed that infection by WSSV could be delayed significantly by anti-VP37 antibody and that VP37 played a role in WSSV infection. Therefore, we were interested in the roles of VP37 in the process of virus assembly. Here we provide evidence that VP37 interacts with VP28 and VP26 directly and that they participate together in viral infection. We confirmed that VP28 and VP26 are the 2 most abundant structural proteins in the WSSV envelope, accounting for approximately two-thirds of its total protein content (Tang et al. 2007 ). VP28, VP26, VP24, and VP19 were shown to constitute the major content of the entire envelope . Both VP28 and VP26 have a predicted trans-membrane region approximately 30 amino acids (aa) in length at the N terminus. Sequence homology of VP26, and VP28 indicates that these 2 proteins are highly related. The structural similarity of VP26 and VP28 suggests that they may have evolved from a common ancestral gene via duplication. VP26 and VP28 display significant structural homology (Tang et al. 2007) . It remains to be determined whether the similar structure of VP26 and VP28 causes the similar interaction with VP37. Previous studies indicated that VP28 could also interact with VP26 and VP24 . Recent research showed that VP26 of WSSV functions as a linker protein between the envelope and nucleocapsid of virions by binding with VP51 (Wan et al. 2008) . And VP51A, a viral envelope protein of WSSV, associated directly with VP26 and indirectly with VP28, with VP26 acting as a linker protein in the formation of a VP51A-VP26-VP28 complex (Chang et al. 2008) . More data have accumulated to suggest that VP26 may act as a linker protein to associate these envelope proteins together to form a complex, which may play an important role in viral morphogenesis and viral infection. Since VP37 lacks a trans-membrane domain, we propose that VP37 may anchor to the envelope through interaction with VP26 and VP28 and that they form a complex that participates in viral infection.
It is well known that viral assembly and morphogenesis involve interaction between viral proteins and interaction between the viral and host cell proteins (Garoff et al. 1998 , Palucha et al. 2005 , Villanueva et al. 2005 . Generally, it is a complicated process by which a virus enters the cytoplasm and then initiates replication. There are always many proteins acting as a complex during the entry process. As the Epstein-Barr virus enters B cells, a complex of 3 glycoproteins, gH, gL, and gp42, are needed for penetration. However, the gH protein is also an attachment protein that recognizes the cell receptor. At present, it is not clear whether VP37 interaction with VP28 and VP26 is required only for WSSV morphogenesis or whether it is also required for infection. Little is known about the role of the complex in virus binding, entry and assembly. Research on the viral envelope protein interaction may help us to investigate the molecular mechanism of WSSV infection. 
